Understanding the unique properties of ultra-wide band gap semiconductors requires detailed information about the exact nature of point defects and their role in determining the properties. Here, we report the first direct microscopic observation of an unusual formation of point defect complexes within the atomic scale structure of β-Ga2O3 using high resolution scanning transmission electron microscopy (STEM). Each complex involves one cation interstitial atom paired with two cation vacancies. These divacancy -interstitial complexes correlate directly with structures obtained by density functional theory, which predicts them to be compensating acceptors in β-Ga2O3. This prediction is confirmed by a comparison between STEM data and deep level optical spectroscopy results, which reveals that these complexes correspond to a deep trap within the band gap, and that the development of the complexes is facilitated by Sn doping through the increase in vacancy concentration. These findings provide new insight on this emerging material's unique response to the incorporation of impurities that can critically influence their properties.
Controlling point defects in crystalline materials can critically influence their properties, and it is therefore imperative to have well-controlled point defects to advance the materials for successful application. Point defects can be very diverse, both in terms of their structure and function. Especially, understanding the formation of point defect complexes, which may occur in response to impurity incorporation within the structure, is of great importance due to their versatile formations and influence on the materials' properties. This is particularly the case in wide-band gap semiconductors, where the intrinsic advantages of a large band gap and the possibility of high optical transparency (e.g. in transparent conductive oxides or TCOs), are severely impaired by the presence of defects. For example, the large critical field strengths that can theoretically be supported in wide-band gap semiconductors for applications in next-generation power electronics can be ruined by the presence of defects [1] , and the existence of significant deep-level defect concentrations can severely degrade the optical properties of TCOs [2] . Additionally, the presence of impurities and the formation of various types of complexes in TCOs have been suggested to contribute to the observed intrinsic n-type behavior, difficulty in p-type doping, and low doping efficiency [3] [4] [5] . What has been missing in the field is direct experimental information on the detailed atomic scale structure of such complexes. Gaining this information is essential to exactly crosslinking theoretical predictions of complexes to measured properties of wide band gap semiconductors, which will then provide important guidance to the synthesis and doping of the material with precisely controlled properties. However, such information has been nearly unattainable because of the small (atomic-scale) nature of the defect complexes, especially when they are buried within the 3-dimensional material. These challenges have led to the lack of experimental information on how the complexes incorporate within the atomic scale structure and the inability to discover any unknown complexes that may critically affect the properties of the material.
Here, we present the first direct scanning transmission electron microscopy (STEM) observation of the unusual formation of point defect complexes within the atomic scale structure of β-Ga2O3. β-Ga2O3 is an excellent candidate for high performance electronic, optical, power device and sensor applications [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] due to its unique properties including an ultra-wide band gap of ~ 4.8 eV [16] , optical transparency into the ultraviolet region [17] , and high breakdown voltage [18] . However, advancing the material has been hampered by the lack of a detailed understanding of the formation of point defect complexes [4, [19] [20] [21] [22] [23] [24] and their impact on electrical and optical properties [25] [26] [27] [28] [29] . Using STEM, we discovered a new type of point defect complex that involves one cation interstitial atom, which can be positioned at two of the five possible interstitial sites, paired by two cation vacancies. The structure of this unusual cation interstitialdivacancy complex is consistent with the predictions made by density functional theory (DFT).
DFT also shows that this defect acts as a deep level and is the dominant compensating acceptor in β-Ga2O3; since β-Ga2O3 is n-type-doped for most applications, this defect therefore has a crucial impact on device performance. Comparing the STEM data to deep level optical spectroscopy (DLOS) shows that formation of the defects is enhanced by increased Sn doping, which increases the Fermi level energy and subsequently increases the vacancy concentration due to formation energy arguments, confirming the compensating-acceptor character, with a defect level at EC -2.0 eV. The present atomic scale investigation identifies this unusual defect as the origin of a number of previously unexplained phenomena in β-Ga2O3, and also sheds light on this material's unique response to the incorporation of impurities that can critically influence its properties.
First, we explain the observation of interstitial defects and defect complexes in Sn-doped β-Ga2O3 bulk crystals (carrier concentration of 8.2 x 10 18 cm -3 [30] ). The unit cell of monoclinic β-Ga2O3 contains two crystallographically different Ga (Ga1, Ga2), and three oxygen atom positions (O1, O2, O3) as shown in Fig. 1(a) . The structure is oriented along [010]m, which is the orientation used throughout this study. Ga1 and Ga2 have tetrahedral and octahedral coordination, respectively. O1 and O2 have threefold coordination, while O3 has fourfold coordination. Figure   1 (a) also shows five potential cation interstitial sites (ia-e). As will be explained in detail, these interstitial sites have been derived from both our experimental observation and DFT calculations [19, 21] . A high angle annular dark field (HAADF) STEM image (See Methods for details) from the [010]m Sn-doped sample of a defect free region is shown in Fig. 1(b) . As HAADF intensity depends on the atomic number, high intensity in this image mostly arises from the scattering of the Ga1 and Ga2 columns while only very weak intensity is observed from O positions. Figure 2 shows the direct detection of interstitial defects and defect complexes in the same Sn-doped β-Ga2O3 bulk crystal. In the sample areas shown in Fig. 2 to the electron beam as well, which can be evidenced by the high interstitial column intensity (e.g. Fig. 2 (f)) indicating that there are likely multiple cation interstitial atoms along the column [31, 32] . Previous works have identified extended defects (e.g. twin boundaries and screw dislocations) [33] [34] [35] and some atomic scale defects [2, 36] in β-Ga2O3, but our present data from aberration corrected STEM provides the first direct identification of the exact positions of interstitial defects.
Next, we identify the unique formation of point defect complexes from the HAADF-STEM intensities by directly correlating them with DFT calculations (See Methods for details). DFT calculations [19, 20, 24] have shown that cation vacancies have low formation energies under Orich growth conditions, with tetrahedral V "# $ being the most favorable. However, the vacancy on the tetrahedral Ga1 site was identified as metastable; the presence of the vacancy causes a neighboring Ga atom to leave its tetrahedral site (creating a second vacancy) and move towards an interstitial site midway between the two vacancies, effectively resulting in a 2V "# $ -Gai complexes [ Fig. 3 ]. This complex is lower in energy than the isolated vacancy, and acts as a deep acceptor.
Figure 3(a) shows how the adjacent Ga1 atom relaxes to the ic site, becoming octahedrally coordinated and creating an additional V "# $ , which can be formed easily due to the relatively small energy barrier [19, 21] . These DFT results have also been utilized in recent β-Ga2O3 defect studies using electron spin resonance [37, 38] and infrared spectroscopy [39, 40] to attribute the presence of proton irradiation induced defects and implanted O-H bonds to the same point defect complexes.
However, the direct confirmation of 2V "# $ -Ga ( ) complexes by STEM in β-Ga2O3 requires the detection of not only the cation interstitial atoms (explained above) but also the vacancies in the neighboring Ga columns. Identifying a single vacancy within an atomic column may not be trivial [41] , however, the presence of several vacancies within a Ga column will decrease the overall HAADF STEM signal due to the loss of scattering from the absent Ga atoms [42] . Image simulations performed using the multislice method [43] of Ga1 columns adjacent to interstitials was substantially more significant than the overall intensity decrease in the area (including the Ga2 columns that are not expected to be involved in the relaxation process) that may be caused by the strain [44] due to the interstitials (see Supplemental Material, Table S1 ). Image simulations indicate that the effect of electron channeling from interstitials is minimal due to the considerable gap (~0.18 nm) between the interstitials and the adjacent Ga columns. Therefore, the substantial intensity decrease apart from the overall decrease due to strain in the Ga1 columns adjacent to interstitials suggests that vacancies are most likely present in those columns. Similarly, vacancy -interstitial complexes surrounding ib sites (2V "# $ - Considering the near-equilibrium growth condition of the edge-defined, film-fed growth (EFG) process used to grow these bulk crystals, the formation energy (ic < ib < ia), predicted by DFT [19] , may directly correspond to the number density of each of those point defects within the material. Albeit small sampling in STEM images (such as in Fig. 2(g) ) the number densities of interstitials observed in the sampled regions (ic > ib > ia) appear to be consistent with the energetic favorability found in the DFT calculation. In fact, we have not observed any interstitial ia intensity above the threshold value in the sampled areas, which suggests the formation of ia interstitials may be much less likely than ib or ic.
Ga
Although lesser in signal and fewer in total number, the interstitials observed in sites id and ie found in Sn-doped β-Ga2O3 display unexplored interstitial complexes that may be important in understanding the material's properties. Interestingly, interstitial intensities in id and ie sites were always observed to be accompanied by interstitial intensities in nearby ib and ic sites [Figs. 2(d) and (e)]. This may imply that 2V "# $ -Ga ( *,) complexes may facilitate the formation of other complexes that occupy the id and ie sites. The exact formation mechanism of id and ie defects and their implication to the properties remain to be further explored in the near future. acting as a shallow donor and preferring to substitute on the octahedrally coordinated Ga2 site [20, 46] . In fact, our STEM investigation has revealed several of these Sn substitutional atoms based on the high atomic column intensity in HAADF mode (e.g. Fig. 4(a) ). In addition to incorporating as substitutional dopants, Sn, when in high concentration, may promote the formation of the vacancy -interstitial complexes shown above. To verify this hypothesis, we first investigated unintentionally doped (UID) β-Ga2O3 (carrier concentration of 2.4 x 10 17 cm -3 [30] ) using HAADF STEM. UID β-Ga2O3 images revealed cation interstitials in the ic site [ Fig. 4(b) ], which implies that the interstitials may also be created via the same V "# $ migration mechanism explained above.
A larger sampling resulted in the conclusion that these complexes exist lesser in quantity and smaller in intensity in comparison to Sn-doped β-Ga2O3. This is consistent with the expectations that the incorporation of Sn donors that drive the material more n-type simultaneously stimulates the formation of the compensating acceptor species like the 2V "# $ -Gai complexes [19, 21, 24] through the subsequent increase in vacancy concentration. Additionally, Sn may also incorporate as the cation interstitial, forming 2V "# $ -Sni complexes. Its exact role will be discussed among the succeeding results.
DLOS can reveal the rich spectrum of defect states throughout the large band gap [29] , by using monochromatic incident light as a function of energy to photo-emit trapped carriers to a band edge, which enables the determination of energy levels, concentrations, and optical cross-sections of deep states (see Methods for details [29, 47, 48] It would be highly valuable to be able to distinguish whether the observed entities are 2V "# $ -Gai (spatially separated from donor impurities), or actual 2V "# $ -Sni complexes, since it could help identify strategies for controlling the compensating acceptor. The proposed 2V "# $ -Sni acceptor complexes have also been suggested to contribute to compensation in Sn-doped β-Ga2O3 [50] . Our calculations show these complexes can readily form when VGa are nearby (calculated barriers < 0.3 eV for a Sn "# $ to displace to octahedrally-coordinated interstitials adjacent to VGa1) and are quite stable, with calculated binding energies of at least 1.4 eV relative to isolated VGa and SnGa species as referenced 2V "# $ -Sni and Sn "# / [ Fig. 4(d) ]. However, we would expect that these complexes would need to form during growth, as Sn is not expected to appreciably incorporate on the tetrahedral sites that would be a prerequisite for their formation post-growth [20] . As All STEM HAADF image simulations were performed using the multislice algorithm [43] .
For each image simulation of randomly distributed defect complexes, ten random arrangements were simulated and then averaged to increase statistical reliability. Thermal vibrations were ignored as their contribution to column intensity is minimal. The image simulations used aberration parameters of our probe corrected FEI Titan STEM (Cs3=0.002 mm, Cs5=1.0 mm) with a 20.0 mrad convergence half angle at an acceleration voltage of 300 kV.
The DFT atomistic simulations of the vacancy complex energetics were based on hybrid functional calculations performed using the same methodology as described in Ref [24] .
Specifically, the vacancy and vacancy complexes were modelled within a 160-atom supercell representation of bulk β-Ga2O3, where corrections to the formation energies of charged defects owing to image-charge interactions were included as detailed in Ref [24] . Migration barriers were computed between linearly interpolated structures and thus offer upper bounds to the real barriers. Table S1 . Ga1 and Ga2 columns from a defect free region are compared to neighboring Ga1 and Ga2 columns when an interstitial is located in the ib or ic site. Average column intensities are calculated by averaging the intensities located within a circle of radius = 8 pixels centered around the column. The neighboring Ga columns with interstitials present were chosen for this analysis from the indicated interstitials in Fig. 2(g ).
Confirming the existence of vacancies in Ga1 sites requires identifying the intensity decrease of Ga1 columns in the presence of interstitials while Ga2 columns remain unaffected. Table 1 shows the reduced intensity of Ga1 columns adjacent to interstitials was substantially more significant than the overall intensity decrease in the area (Ga1 vs Ga2 with interstitials). As Ga2 Determining the total number of defect complexes located along the depth direction of the TEM sample and identifying the chemical species of the interstitial atoms must involve quantitatively relating the change in intensities to the exact number and location of defect complexes through image simulation. Using the multislice method [43] , we have simulated arrangements of defect complexes with both Ga and Sn interstitials (Fig. S1 ). Trends found in Fig.   S1 (i) and S1(j) confirm that intensity increases due to interstitials and decreases due to vacancies.
By simulating top-surface-clustered and randomly distributed defect complexes, we have obtained the upper and lower limits of possible intensity variation from the defect complexes (due to probe channeling and oscillation, Ref. 31 ). The analysis indicates that there is a wide range of possible intensity changes due to the immense dependence on location and chemical species of the defect complexes. Thus, determining the exact number and interstitial species of the defect complexes can be problematic. However, despite the challenges mentioned above, insights have been gained from the data. Random distributions of defect complexes along the column display minuscule changes in interstitial intensity (~ 2% for 10 Ga interstitial atoms), which is substantially smaller than the intensity change that observed in the experimental data. This means that a random distribution would require the defect segregation involve many atoms, extending beyond a few nanometers, which would be inconsistent to observed clustering along the lateral direction shown in Fig. 2(g ). This weighs more on the scenario that the cations are in fact clustered within the column, which would not be surprising, given that the clustering is already observed along the lateral direction. Assuming the top-surface-clustering, the number of cation interstitials is somewhere in between 5 and 10 depending on the species being Ga or Sn.
